[1] Simulations with the NCAR Climate System Model (CSM), a global, coupled ocean-atmosphere-sea ice model, for the last glacial-interglacial cycle reproduce recent estimates, based on alkenones and Mg/Ca ratios, of sea surface temperature (SST) changes and gradients in the tropical Pacific and predict weaker El Niños/La Niñas compared to present for the Holocene and stronger El Niños/La Niñas for the Last Glacial Maximum (LGM). Changes for the LGM (Holocene) are traced to a weakening (strengthening) of the tropical Pacific zonal SST gradient, wind stresses, and upwelling and a sharpening (weakening) of the tropical thermocline. Results suggest that proxy evidence of weaker precipitation variability in New Guinea and Ecuador are explained not only by changes in El Niño/ La Niña but also changes in the atmospheric circulation and hydrologic cycle.
Introduction
[2] El Niño-Southern Oscillation (ENSO) intensity and frequency and their dependence on the mean state of the tropical Pacific ocean-atmosphere are important for future climate change but incompletely understood because the instrumental record is short. Natural archives, such as corals, ice cores, tree rings, and lake sediments, record variations in temperature and precipitation that have been associated with the expression of ENSO events at specific data sites. For the Holocene and Quaternary glacial periods, these proxy data (see [Cole, 2001] for summary) suggest that the intensity and frequency of ENSO was decreased compared to modern.
[3] Coupled ocean-atmosphere models [Liu et al., 2000; Otto-Bliesner, 1999; Clement et al., 2000] have explored the role of orbital insolation changes on modulating ENSO intensity. In simple models of the tropical Pacific, the precessional component of the Earth's orbit forces changes in the local equatorial Pacific mean climate, in particular, the boreal summer or fall trade winds, inhibiting the growth of ENSO SST anomalies. In global coupled models, ENSO variability is additionally weakened by strengthened trade winds across the Pacific [Liu et al., 2000] associated with an intensified summer Asian monsoon.
[4] Here we present a study of the modulation of ENSO variability for the last glacial-interglacial cycle in a coupled climate model. We document changes in this variability and its teleconnections from multi-century simulations of the National Center for Atmospheric Research (NCAR) Climate System Model (CSM) for the period from the Last Glacial Maximum to present to assess the influences of orbital and glacial forcing.
Experimental Design
[5] Simulations were conducted with the NCAR CSM, Version 1.4 [Otto-Bliesner and Brady, 2001] . CSM is a nonflux-adjusted, high resolution climate model that includes atmosphere and ocean general circulation models, a land surface biophysics and hydrology model, and a sea-ice dynamics and thermodynamics model. The present-day simulation, with atmospheric trace gases (CO 2 , CH 4 , N 2 O, CFCs) and solar constant set to values for 1990 AD [OttoBliesner et al., 2002] , provides the baseline statistics.
[6] The simulation at the LGM, 21 ka, is forced with continental ice sheets covering North America and Eurasia, lowered sea level exposing the continental shelves, reduced levels in the atmospheric trace gases, and Milankovitch solar radiation changes [Shin et al., 2003] . Radiation changes associated with the Milankovitch orbital cycles [Berger, 1978] are used for simulations for the Holocene at 3.5 ka, 6 ka, 8.5 ka, and 11 ka. Atmospheric trace gases, solar constant, and land ice sheets are fixed at their pre-industrial amounts (1800 AD) [Otto-Bliesner and Brady, 2001] .
[7] The coupling procedures and spinup of the LGM simulation are described in detail in Shin et al. [2003] . The Holocene simulations are initialized from a pre-industrial simulation. SSTs in the tropical Pacific warm pool (WP, and cold tongue (CT, 2°S-2°N, 130-90°W) for the LGM, Holocene, and present-day show no systematic trends over the last 200 years of each simulation. The same is true for Holocene and present-day ocean temperatures within the thermocline. For the LGM simulation, subsurface cooling ($À0.25°C/century) suggests possible further strengthening of the tropical thermocline if the simulation was extended.
Results
[8] The present-day CSM simulation reproduces both the spatial and temporal character of the observed equatorial Pacific variability well [Otto-Bliesner and Brady, 2001] . Typical of non-flux-corrected global coupled models, the cold tongue extends too far west and a double ITCZ is present in the central Pacific, but these biases do not significantly affect the simulated El Niño variability or tropical teleconnections. The standard deviation of the model Niño-3 index is 0.66°C (Table 1 ). The majority of the CSM warm events grow during the Northern Hemisphere summer and fall, peaking in December -JanuaryFebruary. Signatures in the atmosphere are similar to observed with increased rainfall from the dateline to the South American coast, and drier conditions over the Indonesian and northern Australian regions [American Meteorological Society, 2001] .
[9] At 11 ka, solar radiation at the top of the atmosphere at the Equator was greater than present from April to October with increases in excess of 25 Wm À2 in July ( Figure 1B ). From the Holocene to present, the positive anomalies in solar radiation become smaller and occur successively later in the year. These anomalous positive radiation changes occur during the boreal summer to fall, the time when ENSO warm and cold events grow rapidly. At the LGM, the tropical incoming solar radiation changes compared to present are small.
[10] Like present day, the largest variability of tropical Pacific SSTs in the Holocene and LGM simulations is centered on the equator from 5°N-5°S and extends from the dateline to 90°W. The Niño-3 index defined for presentday observed SST variability is thus a good measure of this variability in the CSM glacial-interglacial simulations ( Figure 1 , Table 1 ). The standard deviations of the Niño-3 index for the Holocene simulations are 0.61°C (3.5 ka), 0.58°C (6 ka), 0.56°C (8.5 ka), and 0.59°C (11 ka), a decrease (statistically significant at 6, 8.5, and 11 ka) in interannual variability compared to present. Dominant periodicity is at 2 -4 years similar to the present-day simulation. For the LGM, the CSM gives a 20% increase in ENSO variability compared to present. Large warm and cold events are more frequent at the LGM than at present with the dominant periods 2 -3 years. Holocene and LGM El Niños and La Niñas peak in boreal winter as at present.
[11] Annual SSTs cool by an average of 2.1°C ( Figure 2D ) over the tropical Pacific in the LGM simulation with half this cooling due directly to the reduction of greenhouse gases and the remainder due to water vapor feedback [Shin et al., 2003] . The LGM results show stronger thermocline intensity in the eastern Pacific, a weakened zonal SST gradient across the tropical Pacific, and decreased upwelling in the eastern Pacific ( Figures 2D -2F , Table 1 ). The CSM behaves in agreement with the ocean dynamical thermostat mechanism [Clement et al., 1996] ; cooling of equatorial SSTs is less in the CT than the WP, resulting in a weaker zonal SST gradient. The weaker zonal wind stress in the Niño-3 region (Table 1 ) is in balance with the weaker WP-CT SST differences, via the coupled Bjerknes feedback, and through Ekman dynamics forces decreased upwelling.
[12] Southern Hemisphere mid-latitudes remotely influence the thermocline intensity, enhancing it during the LGM compared to present. Equatorial temperatures in the top 400 meters of the central and eastern Pacific Ocean cool more at depth than near the surface sharpening the vertical temperature gradient in the thermocline ( Figure 2E , Table 1 ). The colder waters at and below the tropical thermocline come from subduction of colder SSTs associated with the expansion of sea ice in the Southern Hemisphere triggered by the reduced greenhouse gas concentrations .
[13] During the early Holocene at 11 ka, the model results ( Figures 2G -2I , Table 1 ) show a weakened thermocline west of 110°W, a strengthening of the zonal SST gradient, and increased upwelling in the central Pacific. The negative annual mean solar radiation anomaly and reduced greenhouse gases result in an annual cooling of the tropical Pacific. The greater cooling of SSTs along the equator in the eastern Pacific relative to the western Pacific is a response to the seasonal nature of the solar radiation. During boreal summer and fall, when the CT is strongest indicating the strongest advection, increased heating warms the WP more than the CT increasing the zonal SST gradient. The associated zonal wind stresses and upwelling are increased through the Bjerknes feedback mechanisms [Bjerknes, 1969] damping the growth of El Niño. The relationship between wind stress and El Niño is complex [Fedorov and Philander, 2001] . The boreal summer and fall response dominates the annual mean because during boreal winter and spring, the CT gradients and dynamics are seasonally weaker, and the anomalous solar radiation at the equator associated with orbital variations cools the WP and CT regions more equally.
[14] The thermocline in the Holocene is also weakened compared to present. Deeper levels cool less than the surface due to the equatorward transport of warmer subducted waters from the southern mid-latitudes, which are warmed by anomalous solar radiation in local late winter .
Comparison to Paleoclimate Proxies
[15] The CSM changes over the last glacial-interglacial cycle, both in the magnitude of cooling and the east-west temperature gradients across the tropical Pacific region, agree with recently published proxy record analyses. SSTs reconstructed from Mg/Ca ratios in foraminifera suggest mid-Holocene cooling of 0.6-1.1°C in the eastern equatorial Pacific [Koutavas et al., 2002] . Paleotemperature estimates from the Makassar Strait [Visser et al., 2003 ] suggest early Holocene Indo-Pacific warm pool SSTs similar to present.
[16] The CLIMAP LGM reconstruction [CLIMAP Project Members, 1981] suggested a weakened zonal SST gradient with cooling of 2°C in the western warm pool and 0 -1°C in the eastern Pacific. The Galápagos record estimates cooling of 1.2°C in the eastern equatorial Pacific [Koutavas et al., 2002] . The Makassar record indicates a cooling of 3.5-4°C in the Indo-Pacific warm pool, and records [Lea et al., 2000] for the Ontong Java Plateau in the western Pacific warm pool indicate a cooling of 2.8°C.
[17] Paleoclimate records of ENSO are based on the spatial fingerprint of the ENSO signal outside the Niño-3 region. Analyses of deposits of inorganic laminae in a southern Ecuadorian lake are used to infer that modern El Niño periodicity was not established until about 5000 years ago [Rodbell et al., 1999] . These changes are related to changes in flood events associated with strong El Niño events [Moy et al., 2002] . Our simulations indicate increased precipitation associated with El Niño years for both present and 11 ka at the Ecuador site ( Figure 3A ) but a reduction of large warm events for 11 ka compared to present ( Figure 1A) . Strong model warm events with Niño-3 anomalies greater than 1.5°C occur at present but not at 11 ka.
[18] Coral records from Papua New Guinea show that ENSO variability has existed for the past 130,000 years but with reduced amplitude even during glacial periods [Tudhope et al., 2001] . Our present-day simulation predominately shows a precipitation signal at this location with decreased precipitation during warm events ( Figure 3B ). For 11 ka, the model predicts a 35% reduction in precipitation variability due to mainly decreased Niño-3 SST variability. For the LGM, the model predicts enhanced Niño-3 variability, but a significantly reduced precipitation sensitivity in the western Pacific associated with warm and cold events, giving a 29% reduction of precipitation variability at the site ( Figure 3B ). The weaker teleconnection to precipitation changes over New Guinea is associated with a shift eastward of the Walker Circulation and a 10% reduction in mean precipitation amounts at LGM [Shin et al., 2003] . ) at a depth of 50m (bottom). Corresponding fields for changes LGM minus present (center) and 11 ka minus present (right). , 2002] . Coupled climate models simulate the range of spatial gradients and magnitudes of tropical Pacific cooling indicated by the proxy reconstructions and are unable to constrain estimates from proxy data.
Conclusions

Prell
[20] In the CSM, changes in ENSO variability over the last glacial-interglacial cycle are not correlated to mean sea surface and subsurface ocean temperature changes (Table 1) but rather changes in the zonal and vertical gradients of ocean temperature. Weaker Holocene ENSO variability is tied to seasonal insolation variations. The solar forcing dominates even when the residual ice sheets over Canada and Scandinavia are included for a simulation at 11 ka.
[21] Proxy indications of changes in tropical Pacific variability over the last glacial-interglacial cycle include both changes in the ocean response, and changes in the atmospheric response of temperature and precipitation. CSM simulations indicate that proxy evidence of variability in New Guinea and Ecuador can be explained by changes in El Niño/La Niña, the Walker circulation, and the hydrologic cycle. In addition, decadal and longer variability in the simulated Niño-3 indices (Figure 1) show potential problems with reconstructing past ENSO variability from short records.
[22] The CSM simulates well many features of the present-day climate and inferred Holocene and LGM climates. But not all changes in forcing (e.g., vegetation and aerosols) are included in the simulations. Results may be sensitive to processes, such as cloud feedbacks and ocean mixing, which vary from model to model. Further investigation with additional coupled climate models is therefore warranted.
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